Introduction
============

Melanoma is known as \"the cancer that rises with the sun\" because of its high degree of malignancy, recurrence, and particularly aggressive metastasis [@B1]. Despite enormous progress in targeted therapies and immune checkpoint inhibitors have demonstrated some curative effects [@B2], [@B3], the limitations of these treatment modalities are also obvious. BRAF^V600E/K^ mutations are present in around 40-50% melanomas; however, most patients receiving BRAF inhibitor treatment relapse within several months [@B4], [@B5]. The total response rate of ipilimumab, the best-studied monoclonal antibody targeting cytotoxic T-lymphocyte-associated antigen (CTLA)-4, is less than 20%, and it may also cause autoimmune toxicity [@B6], [@B7]. Though individualized tumor vaccine therapy improves the therapeutic outcome and prevents recurrence [@B8], [@B9], disadvantages of long periods of preparation and high costs limit its application. There are still a substantial number of patients with primary or acquired resistance that cannot benefit from current treatments [@B10]. Therefore, it is imperative to develop more efficacious and affordable approaches to eradicate primary and metastatic melanoma.

Macrophages are one of the most widely studied pleiotropic cells in the immune system, and tumor-associated macrophages (TAMs) are macrophages that infiltrate tumor stroma [@B11], [@B12]. TAMs are detrimental with melanoma-promoting functions by supporting tumor cell growth, stimulating angiogenesis, and thus assisting melanoma invasion and metastasis [@B13]-[@B15]. However, as innate immune cells, macrophages can directly kill tumors by shaping the acute inflammatory response for anti-proliferative and cytotoxic activities with secretion of pro-inflammatory cytokines (e.g., tumor necrosis factor α (TNF-α)) and tumoricidal species (e.g., nitric oxide (NO), reactive oxygen species (ROS)), which are critical to suppress tumorigenicity and abrogate metastasis, as well as maintain tissue homeostasis via phagocytosis by removing malignant cells [@B16], [@B17]. Increasing evidence indicates that activating macrophages to pro-inflammatory phenotype or reprogramming TAMs to M1 is promising for cancer therapy [@B18]-[@B20]. Thus, targeted TAMs could be an effective therapy for primary and metastatic melanoma suppression [@B21].

Toll-like receptors (TLRs) are pattern recognition receptors that recognize conserved molecular motifs in bacteria and viruses to initiate innate immunity [@B22]. TLR3 is a Toll-like family receptor that mediates antiviral responses by recognizing double-stranded RNA (dsRNA) [@B23]. The TLR3 agonist, polyinosinic-polycytidylic acid (poly (I:C) (PIC)), an artificial dsRNA analog, has been widely exploited for cancer treatment because of its significant potential to boost the immune system [@B24], [@B25]. Abundant studies have demonstrated that TLR3 potently enhances anti-tumor responses by mediating anti-tumor natural killer (NK) cell and tumor-specific cytotoxic T lymphocyte (CTL) activities through maturation of dendritic cells (DCs) [@B26]-[@B28]. However, few studies have focused on the effects of TLR3 on macrophage activation. In addition, according to the latest research, TLR3 agonists alone are not sufficient to induce macrophage-mediated tumor cell growth inhibition except when combined with IFN-γ, which can result in optimal activation of anti-tumor M1 macrophages [@B29]. In particular, the susceptibility of PIC to nuclease degradation leads to insufficient immune-boosting, which has hindered its clinical application [@B30], [@B31]. Therefore, it is extremely desirable to combine PIC with other macrophage activators or to develop an efficient delivery system to address these issues.

The emergence of nanotechnology has provided unprecedented opportunities to exploit nanoparticles (NPs) as a platform for delivery of vaccines and genes [@B32]. For example, immune nanotheranostics, as an important class of cancer nanotheranostics for immune system activation, are extremely promising [@B33]. Various NPs (e.g., zinc oxide nanoparticles, calcium phosphate nanoparticles, synthetic nanoparticles) have been intensively explored for PIC delivery [@B34]-[@B36]. However, different from all these vectors for the sole purpose of delivery, ferumoxytol (FMT), an iron oxide nano-carrier composed of an iron oxide core and dextran shell, also integrates the crucial essence of both diagnostic and therapeutic functions. FMT, with low cytotoxicity, has been approved by the FDA for clinical treatment of iron deficiency [@B37]. The particular characterization of FMT internalized by macrophages has been exploited for magnetic resonance imaging (MRI) [@B38]. Besides, FMT can facilitate tumor treatment through magnetic hyperthermia [@B39], [@B40]. More importantly, FMT is recently reported to possess an appealing feature of anti-tumor therapeutic potential by inducing pro-inflammatory macrophage polarization [@B41]. Due to the inherent capacity of preferential uptake by macrophages, NPs conjugated or engineered with ancillary molecules such as functional RNA or TLR agonists could further amplify the immune-modulating properties of macrophages for anti-tumor treatment [@B42], [@B43]. As a promising delivery system candidate as well as incorporating features for macrophage activation, FMT may protect PIC from degradation and facilitate its immune-stimulatory properties for anti-tumor immunotherapy. Therefore, the untapped potential of macrophages activated by the combination of FMT and PIC or nano-particles composited by FMT surface functionalized with PIC provides an impetus to discover whether it is an efficient strategy against melanoma.

In the present study, we identified that FMT combined or surface functionalized with the TLR3 agonist PIC (FP-NPs) could induce macrophages to be tumoricidal for both subcutaneous and pulmonary metastasis in melanoma regression (Scheme [1](#SC1){ref-type="fig"}). Notably, FP-NPs displayed greater therapeutic benefit with diminished or even disappeared metastatic nodules in mice than amino-modified FMT combined with PIC (FMT-NH~2~/PIC).

Methods
=======

Cell culture and reagents
-------------------------

B16F10 melanoma cells and RAW 264.7 macrophages purchased from Shanghai Cell Bank, Chinese Academy of Sciences were cultured in complete Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco, Carlsbad, CA) with 10% fetal bovine serum (FBS) (Gibco) and 1% v/v penicillin and streptomycin (Gibco) at 37 °C in a 5% CO~2~ incubator.

Cell viability
--------------

Cell viability was measured using a Cell Counting Kit-8 (CCK-8) assay. Briefly, tumor cells were seeded at a density of 5 × 10^3^ per well in 96-well plates in quintuplicate (for measurement of co-cultured cell viability, B16F10 and RAW 264.7 cells were seeded at a ratio of 2:1 at a density of 3 × 10^3^ and 1.5 × 10^3^ per well in 96-well plates, respectively) and incubated with ferumoxytol (FMT), poly (I:C) (PIC) (InvivoGen, San Diego, USA), and a combination of both for 48 h. The supernatants were then discarded and fresh medium containing 10 μL of WST-8 reagent (Dojindo, Kumamoto, Japan) was added. After incubation for another 4 h at 37 °C, absorbance was determined with a multi-well spectrophotometer (BioTek, VT, USA) at 450 nm.

Generation of Bone Marrow-Derived Macrophages (BMDMs)
-----------------------------------------------------

The femurs and tibias of C57BL/6 mice (female, 6-8 weeks) were aseptically dissected and flushed with a 27 G syringe to obtain bone marrow cells. Next, the bone marrow cells were cultured in complete RPMI-1640 medium (10% FBS, 1% v/v penicillin and streptomycin) (Gibco) and incubated with 20 ng/mL recombinant mouse macrophage colony-stimulating factor (M-CSF) (R&D Systems, Minneapolis, MN) at 37 °C in a 5% CO~2~ incubator for 6 days. Non-adherent cells were discarded and adherent cells were collected for further experiments.

Cell proliferation analysis
---------------------------

For cell proliferation analysis, tumor cells were pre-stained with the cell proliferation dye CFSE (Invitrogen, Carlsbad, CA) according to the manufacturer\'s instructions at a concentration of 10 μM. After the last wash with PBS, cells were co-cultured with RAW 264.7 cells at a ratio of 2:1 (for measuring B16F10 proliferation upon co-culture with BMDMs, the ratio was adjusted to 1:2) and respectively incubated with 100 μg/mL FMT, 10 μg/mL PIC, or 100 μg/mL +10 μg/mL FMT/PIC for 48 h. Cells were then harvested, washed twice with PBS, and analyzed by flow cytometry (FCM). The proliferation index (PI) of cells was analyzed using Mod Fit LT 3.0 software, and the cell growth inhibition rate was calculated by the following equation: cell growth inhibition rate = (1-PI (groups with different treatment)/PI (control group without any treatment) ) × 100%.

Phagocytosis assay
------------------

To measure the phagocytic ability of macrophages, B16F10 and RAW 264.7 cells were respectively fluorescence-labeled with CFSE and the Cell Proliferation Dye eFluor 670 (Invitrogen). After the last wash with PBS, cells were co-cultured as above mentioned. Cells were then harvested, washed twice with PBS, and detected by FCM. The relative phagocytosis index was analyzed using FlowJo software and was represented by double positive cells for CFSE and Dye 670. In an effort to assess the phagocytosis visually, GFP-B16F10 co-cultured with RAW 264.7 at a ratio of 2:1 were incubated with FMT/PIC for 48 h, and the phagocytosis was detected using immunofluorescence microscopy.

Isolation of total RNA and quantitative RT-PCR (qRT-PCR)
--------------------------------------------------------

Total RNA was extracted from different treated cells or tissues with TRIzol (Invitrogen). Then, the collected mRNA was reverse-transcribed to cDNA using HiScript II 1st Strand cDNA Synthesis Kit (Vazyme Biotech Co., Ltd, Nanjing, China) according to the manufacturer\'s instructions. SYBR Green PCR Kit (Bio-Rad, Hercules, CA) was next used to measure the target genes on a StepOne-Plus Real-Time PCR System (Applied Biosystems, Foster City, CA). Finally, the relative expression ratio of target genes was calculated by the 2^-ΔΔCt^ method. The sequences of the qRT-PCR primers are provided in supplemental Table [1](#SM0){ref-type="supplementary-material"}.

Enzyme linked immunosorbent assay (ELISA)
-----------------------------------------

TNF-α in the cell culture supernatant or blood of mice subjected to different treatments was measured by ELISA (Dakewe, Nanjing, China). Briefly, culture medium supernatant or blood was collected and centrifuged. Aliquots (50 µL) of diluted samples were then measured according to the manufacturer\'s instructions, and the absorbance was measured at 450 nm.

Western blotting (WB) analysis
------------------------------

The specific procedures for WB have been described in a previous report [@B44]. Briefly, cells cultured with various treatments were collected, washed, and lysed with RIPA lysis buffer (Beyotime, Haimen, China). The acquired protein was quantified with a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA). Next, equal amounts of protein were subjected to SDS-PAGE and then transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA). Immunoblotting was performed with rabbit anti-NOX2 (Abcam, Cambridge, UK), rabbit anti-P65 (Cell Signaling Technology (CST), Danvers, MA), rabbit anti-p-P65 (CST), rabbit anti-IKBα (CST), rabbit anti-p-IKBα (CST), mouse anti-β-actin (Thermo Fisher Scientific), and mouse anti-GAPDH (Thermo Fisher Scientific) primary antibodies followed by horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse secondary antibodies (Thermo Fisher Scientific). Finally, the targeted proteins were visualized with ECL Plus WB detection reagents (Millipore).

Detection of NO and ROS
-----------------------

NO was measured by Griess Test using commercial kits (Beyotime). Briefly, 50 µL of cell culture supernatant was immediately added to 50 µL of Griess reagent A. The mixture was incubated with 50 µL of Griess reagent B, and absorbance at 540 nm was measured with a microplate reader. ROS production was determined by staining cells with 10 μM of 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) (Beyotime) for 30 min at 37 °C. Cells were then washed twice with RPMI-1640 medium and suspended in PBS for FCM analysis.

Synthesis of amino-modified ferumoxytol nanoparticles (FMT-NH~2~)
-----------------------------------------------------------------

FMT synthesis has been described in previous reports [@B45], [@B46]. The procedures used to prepare the amino-modified FMT are as follows. FMT nanoparticles (100 mg, containing carboxyl groups on the surface) were first dissolved in a solution of 100 mL dimethyl sulfoxide containing 12 mg of dimethylaminopyridine (DMAP, 0.1 mmol) (Sigma-Aldrich, St. Louis, MO), and were then added to 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (J&K Scientific Ltd, Shanghai, China) (192 mg, 1 mmol), and N-hydroxysuccinimide (NHS) (J&K Scientific Ltd) (115 mg, 1 mmol). The resulting mixture was then stirred at room temperature for 2 h and 1, 3-diaminopropane (J&K Scientific Ltd) (150 mg, 2 mmol) was added to the mixture and stirred for another 24 h. Thereafter, the reaction mixture was added with excess acetone to obtain crude FMT-NH~2~ nanoparticles. The crude products were washed thrice with acetone and dried under reduced pressure.

Fluorescence-labeled FMT-NH~2~
------------------------------

The procedures for preparing Rhodamine B (RhB) (Sigma-Aldrich) or NIR 797 (Sigma-Aldrich) labeled FMT-NH~2~ were similar. Briefly, FMT**-**NH~2~ (20 mg), RhB (0.2 mg), and dimethyl sulfoxide (J&K Scientific Ltd) (5 mL) were added into a 10-mL flask. After stirring at room temperature overnight, the mixture was diluted with 20 mL deionized water and dialyzed against 2 L of deionized water in a 3.5 kDa MWCO for two days to remove the unreacted fluorescence dye and then lyophilized.

Gel retardation assay
---------------------

FMT-NH~2~ was dissolved in RNase free diethyl pyrocarbonate-treated H~2~O and subtly complexed with PIC at w/w ratios of 10/1, 20/1, and 40/1, and gently mixed using a vortex mixer for 5 min at room temperature to obtain the FMT-NH~2~-PIC (FP-NPs) nanocomposites. FP-NPs mixed with bromophenol blue were then loaded onto a 1% w/v agarose gel containing ethidium bromide and electrophoresed for 30 min at 120 V. Finally, the gel was analyzed using an ultraviolet light transilluminator (Bio-Rad, Hercules, CA) and was imaged using the Tanon Gel Image System 2500 (Tanon, Shanghai, China).

*In vitro* uptake of FP-NPs by macrophages
------------------------------------------

Macrophages used for the measurement of cellular uptake were seeded on coverslips in 24-well plates at a density of 1 × 10^5^ cells/well. Then, cells were treated with RhB labeled FP-NPs and incubated for another 6 h. After staining the nuclei with DAPI for 5 min, fluorescence images were obtained using the FV3000 laser scanning confocal microscope (LSCM) (Olympus, Japan).

Bio-distribution analysis of FMT-NH~2~ and FP-NPs
-------------------------------------------------

FMT-NH~2~ fluorescently labeled with NIR797 and its composite with PIC (FP-NPs) were intravenously injected into mice, and the *ex vivo* imaging of major organs after an 8-h incubation was performed using the IVIS Spectrum In Vivo Imaging System (PerkinElmer, USA). In addition, FP-NPs pre-labeled with RhB were intravenously injected into mice for 4 h, and the lung tissues were isolated, minced and incubated with collagenase (Sigma-Aldrich) and DNase I (Sigma-Aldrich) dissolved in RPMI-1640 medium for 30 min at 37 °C. Then, the homogenates were filtered through a 70-μm nylon mesh filter and lysed with RBC lysis buffer to obtain single cell suspension for fluorescent antibody staining. Finally, FP-NPs uptake by the lung macrophages were measured by LSCM and FCM.

Tumor growth inhibition
-----------------------

All animal studies were performed using protocols approved by institutional guidelines (Nanjing University Institutional Animal Care and Use Committee) and also conformed to the Guidelines for the Care and Use of Laboratory Animals published by the National Institutes of Health. Female C57BL/6 mice (6-8 weeks) were purchased from Model Animal Research Center of Nanjing University (Nanjing, China). Next, 5 × 10^5^ B16F10 cells suspended in 100 μL sterile PBS were transplanted subcutaneously into the right flank of mice. When tumors reached an average size of about 100 mm^3^, mice were randomized into four groups and intratumorally injected with PBS, FMT (10 mg/kg), PIC (1 mg/kg), and FMT/PIC (10 mg/kg+1 mg/kg) every other day for three times. The body weight of mice and two perpendicular diameters of tumors measured by digital calipers were recorded, and tumor size was calculated as per the formula: V (volume) = (L × W^2^)/2, where L and W represent the tumor length and width, respectively.

Isolation of tumor-associated macrophages (TAMs)
------------------------------------------------

To isolate the TAMs from solid tumors, the tumor tissues were minced and incubated with the Tumor Dissociation Kit (Miltenyi Biotec, Germany) dissolved in RPMI-1640 medium for 30 min at 37 °C. Next, the cell lysate were washed with PBS, passed through a 70-μm nylon mesh to acquire single-cell suspensions, layered on Percoll gradients, and centrifuged. Then, the lymphomononuclear correspondent layer was isolated and cultured in RPMI-1640 medium for 40 min at 37 °C. Next, PBS was used to wash away the non-adherent cells to obtain the adherent cells [@B47].

*In vivo* anti-metastatic efficacy measurements
-----------------------------------------------

To establish a B16F10 lung metastases model, 5 × 10^5^ B16F10 cells were suspended in 100 μL sterile PBS and intravenously injected into C57BL/6 mice. For the establishment of 4T1 lung metastases model, 5 × 10^5^ GFP-4T1 cells were suspended in 100 μL sterile PBS and intravenously injected into female BALB/c mice (6-8 weeks). On the following day, mice were randomly grouped and intravenously treated with PBS, FP-NPs (FMT-NH~2~ 200 μg composited with PIC 10 μg), and FMT-NH~2~ (200 μg) combined with PIC (10 μg), every other day for three times. It should be emphasized that in order to avoid complexation of FMT-NH~2~ and PIC in the group of combined therapy, PIC was concomitantly administered 5 min after the intravenous injection of FMT-NH~2~.

Analysis of tumor-infiltrating immunocytes
------------------------------------------

Tumors dissected from tumor-bearing mice were cut into pieces with a scissors and incubated with a cocktail of enzymes from a Tumor Dissociation Kit (Miltenyi Biotec) dissolved in RPMI-1640 medium for 30 min at 37 °C. The homogenates were then washed with PBS and passed through a 70-μm nylon mesh to acquire single-cell suspensions. Prior to staining, the cells were incubated with FcR blocking reagent (Miltenyi Biotec) for 10 min. Subsequently, the suspensions were divided into various parts for immunocyte detection. Antibodies against CD45, CD11b, F4/80, and Gr-1 were purchased from BioLegend (San Diego, USA).

Immunofluorescence staining
---------------------------

For immunofluorescence analysis, tumor tissue sections immunostained with mouse anti-CD86 (Novus, Littleton, USA) and goat anti-CD206 antibody (R&D) were respectively labeled with goat anti-mouse IgG (H+L) conjugated to Alexa Fluor 647 (Invitrogen) and donkey anti-goat IgG (H+L) conjugated to Alexa Fluor 488 (Invitrogen). All sections were imaged using a LSCM.

Histologic analysis of the microvasculature
-------------------------------------------

For angiogenesis staining, mice were intravenously injected with 100 μL AF594-conjugated streptavidin tomato lectin (1 mg/mL in PBS; Vector Labs). After 5 min, mice were sacrificed and tumors were dissected. Images of frozen sections of tumor samples were taken on a LSCM and quantitatively analyzed using Image J.

Statistical analysis
--------------------

All experiments were repeated at least three times. Statistical analysis was performed using one-way ANOVA followed by Student\'s *t*-test with GraphPad Prism. Statistical differences were defined as significant for \*p \< 0.05 and highly significant for \*\*p \< 0.01 and \*\*\*P \< 0.001.

Results
=======

Combined effect of FMT and PIC on macrophage activation and tumor cell growth inhibition in co-culture system
-------------------------------------------------------------------------------------------------------------

CCK-8 analysis of mouse melanoma B16F10 cell viability showed that FMT, PIC, or FMT combined with PIC (FMT/PIC) at a low dose had no effects on cell viability and only exhibited moderate cytotoxicity at the maximum dose (Figure [1](#F1){ref-type="fig"}A). To investigate the potential cytotoxic and cytostatic activity of macrophages toward tumor cells, RAW 264.7 and GFP-B16F10 stably expressing green fluorescent protein (GFP) were co-cultured at a ratio of 1:2 and treated with FMT and PIC solely or in combination. Tumor cell growth was then determined by fluorescence intensity. As shown in Figure [1](#F1){ref-type="fig"}B, introduction of RAW 264.7 cells barely influenced the tumor cell growth compared to B16F10 cells alone. Co-incubation of B16F10 and RAW 264.7 with FMT or PIC only slightly inhibited B16F10 cell growth, whereas FMT was found to synergize with PIC resulting in a more significant growth retardation of B16F10 cells. To accurately verify the inhibition rate of cell proliferation, B16F10 cells were pre-stained with the cell proliferation dye, CFSE, and the cell growth with different treatments was detected by FCM. As shown in Figure [1](#F1){ref-type="fig"}C, B16F10 co-cultured with RAW 264.7 yielded minimal growth inhibition (inhibition rate of 1.8%) compared to B16F10 alone. Stimulation with FMT or PIC resulted in cell growth inhibition rates of 32.2% and 53.0%, respectively, whereas FMT/PIC collaboratively generated more significant growth retardation with an inhibition rate of 63.9%. To further confirm the above results, C57BL/6-derived BMDMs, a source of primary macrophages, were co-cultured with B16F10. It should be noted that *in vitro*, BMDMs are non-proliferating, whereas the numbers of macrophages in specific tissues can be maintained by circulating monocytes derived from bone marrow, spleen, hematopoietic stem and progenitor cells, or local macrophages amplified *in vivo* [@B48]-[@B51]. Herein, the ratio of BMDMs and B16F10 was adjusted to 2:1. Consistently, incubation of FMT/PIC synergistically inhibited B16F10 cell proliferation in this co-culture system (Figure [1](#F1){ref-type="fig"}D). In addition, CCK-8 assay of the total co-culture cell viability indirectly suggested that FMT/PIC synergized to inhibit tumor cell growth (Figure [1](#F1){ref-type="fig"}E). To further determine whether this inhibition of proliferation was dependent on direct cell-to-cell contact, a dual-chamber Transwell system with macrophages seeded in the upper chamber and tumor cells seeded in the lower chamber was adopted. As shown in Figure [1](#F1){ref-type="fig"}F, unlike the direct contact co-culture, B16F10 proliferation was marginally retarded in the co-culture group (8.5%), and incubation with FMT further strengthened this effect with an inhibition rate of 37.3%. Incubation with PIC prohibited cell growth by 28.1%, and addition of FMT/PIC still exhibited the most significant inhibitory effect with an inhibition rate of 49.2%, both of which were much smaller than those in the direct contact co-culture system (53.0% and 63.9%, respectively), indicating that inhibition of the growth of B16F10 incubated with PIC and FMT/PIC was dependent on direct cell-to-cell contact to some extent. Further, macrophages co-cultured in the upper chamber were isolated and their transcript expression was examined by qRT-PCR. As shown in Figure [1](#F1){ref-type="fig"}G, compared with separate treatment, the presence of FMT/PIC significantly synergized to upregulate the mRNA expression of TNF-α and iNOS. In addition, incubation with FMT/PIC synergistically promoted the release of TNF-α (Figure [1](#F1){ref-type="fig"}H) and showed a time-dependent increase in NO concentration in the co-culture system (Figure [1](#F1){ref-type="fig"}I). The increase in concentration of NO was thirty-five times more than that in B16F10 cells at 12 h and continued to be ten times more than that in B16F10 cells at 24 h and 36 h, which was enough to inhibit B16F10 cell growth [@B29]. Taken together, FMT combined with PIC synergistically inhibited the proliferation of B16F10 cells by converting macrophages to tumoricidal phenotype with enhanced production of cytotoxic TNF-α and NO.

Impact of FMT/PIC on ROS production and phagocytosis
----------------------------------------------------

It has been well documented that as professional phagocytes, macrophages play a crucial role in clearing tumor cells [@B52]. Given that the prohibited growth of B16F10 incubated with PIC and FMT/PIC was partially mediated by direct cell contact, it was of great interest to observe whether their addition could enhance the capacity of macrophages to engulf tumor cells. Next, CFSE pre-labeled B16F10 cells were co-cultured with Dye 670 pre-stained RAW 264.7 cells at a ratio of 2:1 and incubated with FMT, PIC, or FMT/PIC. Phagocytosis was then analyzed by FCM. As expected, PIC treatment apparently increased the percentage of phagocytic cells compared to the control or FMT groups, and there was a statistically elevated percentage of phagocytosis in the group administered with FMT/PIC (Figure [2](#F2){ref-type="fig"}A-B). In an effort to assess the phagocytosis visually, GFP-B16F10 were co-cultured with RAW 264.7 and the results are presented in Figure [2](#F2){ref-type="fig"}C where FMT/PIC significantly increased the phagocytosis of GFP-B16F10 cells by macrophages with a reduced cell number of GFP-B16F10 compared to the control group. Reactive oxygen species (ROS) are an important product of macrophage activation, which play critical roles in modulating phagocytosis [@B53]. Our experiments showed that treatment with FMT or PIC alone only slightly promoted the production of ROS, whereas their combination dramatically enhanced the ROS production level in RAW 264.7 (Figure [2](#F2){ref-type="fig"}D-E). In addition, ROS-induced phagocytic activity was distinctly blunted with the addition of ROS scavenger N-acetyl-cysteine (NAC) (Figure [2](#F2){ref-type="fig"}A-B), demonstrating that ROS indeed played a critical role in the phagocytosis. However, it seemed contradictory that a higher expression level of ROS with an attenuated phagocytosis was observed in the group treated with FMT rather than with PIC. It is well known that endogenous ROS production in cells is mainly associated with mitochondria and the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) family [@B54]. Of the latter, NOX2 NADPH oxidase in particular has been assigned with pivotal roles in regulating inflammation and phagocytosis by generating ROS [@B53], [@B55]. Further experiments showed that combined treatment synergistically promoted NOX2 expression, while neither FMT nor PIC altered the expression (Figure [2](#F2){ref-type="fig"}F). Therefore, NOX2-derived ROS was predicted to boost phagocytosis. An abnormal level of ROS is known to induce tumor cell apoptosis and damage tumor cell proliferation [@B56], [@B57]. Consistently, suppression of cell growth was partly recovered by injection with NAC in the co-stimulation group (Figure [2](#F2){ref-type="fig"}G), which indicated that ROS was as well involved in macrophage activation-mediated tumor cell growth inhibition. Collectively, FMT/PIC synergistically promoted ROS generation, which was involved in modulating the phagocytosis of RAW 264.7, and played roles in arresting tumor cell growth. In light of the above results, it was anticipated that macrophage-mediated inhibition of tumor cell growth might not be restricted to the B16F10 cell line. Next, the 4T1 breast cancer cells were co-cultured with RAW 264.7 similar to the above conditions. As shown in Figure [S1](#SM0){ref-type="supplementary-material"}A, FMT, PIC, or FMT/PIC had no obvious impact on cell viability of tumor cells. However, in the co-culture system, FMT/PIC synergistically inhibited the proliferation of 4T1 cells (Figure [S1](#SM0){ref-type="supplementary-material"}B).

Superior therapeutic effect of FMT/PIC *in vivo*
------------------------------------------------

Inspired by the above results, we tested the hypothesis that FMT/PIC would induce an anti-tumor immune response capable of executing tumor regression *in vivo*. In our study, B16F10 tumor-bearing mice were randomized and intratumorally administered with either FMT or PIC solely or collectively. As depicted in Figure [3](#F3){ref-type="fig"}A-D, treatment with PIC exhibited remarkable therapeutic benefits with reduced tumor burden, and co-administration of PIC with FMT more prominently led to tumor regression with decreased tumor weight and extended survival of tumor-bearing mice. In sharp contrast to the *in vitro* results, sole treatment of FMT substantially accelerated melanoma progression with aggravated tumor burden and reduced survival of animals. Immunohistochemistry of Ki67 in tumor tissues (Figure [3](#F3){ref-type="fig"}E) also showed that FMT exposure promoted tumor cell proliferation, whereas PIC exhibited a therapeutic potency with reduced cell proliferation, and FMT/PIC most notably retarded tumor cell growth. FCM results indicated that treatment with PIC increased the CD11b^+^ immune cell infiltration compared to that in the control, and this trend was particularly prominent in the combined treatment group (Figure [3](#F3){ref-type="fig"}F). Immunohistochemistry results further revealed that macrophage infiltration in tumor tissues was significantly increased after FMT/PIC treatment (Figure [3](#F3){ref-type="fig"}G). In addition, the results of qRT-PCR demonstrated that local administration of FMT/PIC substantially elevated the cytotoxic gene expression of iNOS and TNF-α in TAMs (Figure [3](#F3){ref-type="fig"}H-I). ELISA also confirmed an increased TNF-α concentration in the serum of mice treated with FMT/PIC (Figure [3](#F3){ref-type="fig"}J). It is well known that the spread and growth of tumor cells is dependent on the formation of new blood vessels and thus on angiogenesis [@B58]. Figure [4](#F4){ref-type="fig"} illustrated a markedly increased vascular disorganization both surrounding and within the tumor tissues in the group with FMT treatment. Diametrically, a diminished blood vessel density was observed both in the groups of PIC and FMT/PIC treatment. Therefore, these results together suggested that local application of FMT/PIC resulted in vigorous melanoma regression via an immune-activated tumor microenvironment.

Synthesis and characterization of FP-NPs
----------------------------------------

For systemic delivery of PIC, an engineered nanocomposite of FMT and PIC was constructed. Firstly, EDC-activated propylene diamine was modified to conjugate with the carboxyl group of dextran to obtain a positively charged amino group. Dynamic light scattering (DLS) showed that the zeta potential of FMT (-16 mV) successfully grafted with the amino group (FMT-NH~2~) was +20 mV, and its hydration particle size was decreased slightly from 70 nm to 60 nm (Figure [5](#F5){ref-type="fig"}A-B). TEM images revealed a homogeneous dispersion of spherical FMT-NH~2~ nanoparticles with an average diameter of 7 nm, approximately the same as that of FMT (Figure [5](#F5){ref-type="fig"}C). Next, FMT-NH~2~ NPs were combined with PIC at various w/w ratios via electrostatic adsorption to form FMT-NH~2~-PIC nano-complexes (FP-NPs), and PIC binding ability was tested using an agarose gel retardation assay. As depicted in Figure [5](#F5){ref-type="fig"}D, FMT-NH~2~ fully averted PIC migration at the mass ratio of 20/1 and 40/1, which proved a complete complex formation between FMT and PIC. Meanwhile, FMT and FMT-NH~2~ in gel electrophoresis showed opposite migration directions, which indirectly verified a successful graft of amino groups in the FMT-NH~2~. Further, the decreased zeta potential from +20 mV to +9 mV for FMT-NH~2~ grafted with PIC at a mass ratio of 20/1 also illustrated the efficient recombination of FMT and PIC (Figure [5](#F5){ref-type="fig"}B). Images from TEM further revealed that the engineered FP-NPs were uniform particles with diameter of approximately 250 nm (Figure [5](#F5){ref-type="fig"}C), and the results of DLS indicated that its size was about 290 nm (Figure [5](#F5){ref-type="fig"}A). To monitor the efficiency of FP-NPs internalized by macrophages, FMT-NH~2~ was fluorescently labeled with RhB, and the cellular uptake of FP-NPs was visualized by LSCM and quantified by FCM. LSCM analysis showed that FP-NPs were efficiently internalized into RAW 264.7 cells (Figure [5](#F5){ref-type="fig"}E), and FCM also verified this phenomenon (Figure [5](#F5){ref-type="fig"}F). In addition, *ex vivo* imaging of dissected tissues showed that despite both being abundantly accumulated in the liver, FP-NPs had significantly higher lung accumulation than FMT-NH~2~, which was more localized in the kidney and spleen (Figure [5](#F5){ref-type="fig"}G). The results of LSCM and FCM further showed that the FP-NPs were taken up by the lung macrophages (Figure [5](#F5){ref-type="fig"}H). Collectively, these data suggested the successful preparation of FP-NPs with properties of efficient uptake by macrophages and accumulation in the lungs of mice.

Therapeutic benefits of FP-NPs for lung metastasis
--------------------------------------------------

Encouraged by the synergistic therapeutic effect of FMT and PIC on subcutaneous tumors, the therapeutic potential of FP-NPs for metastatic melanoma was evaluated. FMT-NH~2~ combined with PIC (FMT-NH~2~/PIC) was used for comparison. First, C57BL/6 mice with lung metastasis were prepared by intravenous injection with B16F10 melanoma cells and then, the randomized mice were treated with PBS, FP-NPs or FMT-NH~2~/PIC. As shown in Figure [6](#F6){ref-type="fig"}A-B, administration of FMT-NH~2~/PIC and FP-NPs both exhibited therapeutic benefits with reduced pulmonary metastasis compared to the control. Nevertheless, the number of lung colonies was drastically reduced or even absent in FP-NPs-treated mice. Hematoxylin and eosin staining (H&E) of lung sections (Figure [6](#F6){ref-type="fig"}C) also revealed that FP-NPs were superior compared to FMT-NH~2~/PIC with better anti-metastasis activity and reduced metastatic tumor deposits in the lung. In further pursuit of the potential mechanism by which FMT-NH~2~/PIC and FP-NPs efficaciously mediated pulmonary metastasis regression, immune cells in the lung were examined. FCM analysis revealed that both FMT-NH~2~/PIC and FP-NPs exerted excellent immunostimulatory effects, leading to significant accumulation of both CD45^+^ immune cells and macrophages in the lung and that there were no differences between the two treatments (Figure [6](#F6){ref-type="fig"}D-E). Strikingly, further immunofluorescence analysis by LSCM indicated that systemic administration of FP-NPs significantly increased the number of macrophages highly expressing CD86 with loss of the M2 marker, CD206 (Figure [6](#F6){ref-type="fig"}F). Treatment with FP-NPs dramatically increased the M1 marker gene, iNOS, decreased the M2 marker Arg-1, and notably upregulated the secretion of NO (Figure [6](#F6){ref-type="fig"}G-I). Myeloid-derived suppressor cells (MDSCs) are thought to impair antitumor immunity [@B59], [@B60]. In addition, systemic delivery of FP-NPs also resulted in remarkably reduced numbers of MDSCs in blood compared to the combined treatment of FMT-NH~2~/PIC (Figure [6](#F6){ref-type="fig"}J).

To further test whether FP-NPs are better for anti-metastasis treatment than FMT-NH~2~/PIC, mice with 4T1 breast cancer lung metastasis were grouped and treated as mentioned above. As data showed, although combined therapy with FMT-NH~2~/PIC effectively alleviated the pulmonary metastasis, the therapeutic benefit of FP-NPs was more significant and displayed even less lung tumor nodules and 4T1 cell numbers in the lungs (Figure [S2](#SM0){ref-type="supplementary-material"}A-D) as well as declined MDSC numbers in blood (Figure [S2](#SM0){ref-type="supplementary-material"}E). Nanoparticle-based remedies are always accompanied by major concerns about biological safety [@B61]. In our study, no obvious toxicity was observed in 4T1 breast lung metastatic mice exposed to FP-NPs, and the treated mice maintained the increased body weight (Figure [S2](#SM0){ref-type="supplementary-material"}F), indicating that the dosage of FP-NPs used in our study was fairly appropriate.

To further investigate the mechanism of FP-NPs inhibition in lung metastases, the effect of FMT-NH~2~, PIC, and FP-NPs on tumor cells and macrophages was examined *in vitro*. It is worth mentioning here that although the FMT-NH~2~/PIC combined treatment group was set up *in vivo*, due to the sequential injection of FMT-NH~2~ and PIC, they were less likely to act on tumor cells and macrophages together. Therefore, we set up the above groups to study the mechanism*in vitro*. Similar to the work performed above, we found that FMT-NH~2~, PIC, or FP-NPs alone barely affected the viability of B16F10 cells (Figure [7](#F7){ref-type="fig"}A); however, the treatment inhibited their proliferation when co-cultured with macrophages, wherein the performance of FP-NPs was more distinct than that of either FMT-NH~2~ or PIC (Figure [7](#F7){ref-type="fig"}B-C). Fluorescence images of B16F10 nuclei co-cultured with RAW 264.7 in the lower dual-chamber Transwell system directly confirmed these findings (Figure [7](#F7){ref-type="fig"}D). In addition, qRT-PCR results showed that compared with FMT-NH~2~ and PIC, FP-NPs efficaciously promoted the expression of M1 related genes such as iNOS and CD86 and significantly downregulated the expression of M2 marker genes, Arg-1 and CD206 (Figure [7](#F7){ref-type="fig"}E-F). It is well known that NF-κB activation positively mediates the tumoricidal M1-like property of macrophages [@B62]. Results of WB analysis showed that FP-NPs significantly promoted the phosphorylation of IκBα and P65 compared to the monotherapies with FMT-NH~2~ or PIC (Figure [7](#F7){ref-type="fig"}G), indicating that FP-NPs promoted macrophage polarization to M1 for tumor cell growth inhibition through the NF-κB signaling pathway.

Discussion
==========

An increasing number of researches have shown that iron oxide NPs, commonly used carriers for anticancer agent delivery, are gaining momentum as potent carriers of genes or adjuvants for cancer immunotherapy [@B63]-[@B65]. However, it has been overlooked that iron oxide NPs themselves can be used as an immunopotentiator to boost immunity and suppress tumor growth [@B41]. Currently, considerable attention has been focused on the impact of combination immunotherapy with the potential to achieve additive or synergistic effects for tumor treatment [@B16], [@B66]. All these clues seem to predict that employing combined treatment with FMT and the TLR3 agonist, PIC, one of the agents with high potential to boost cancer immunotherapy as ranked by the National Cancer Institute [@B67], or systemic delivery of PIC based on FMT would be more efficient for macrophage activation and tumor regression compared to either treatment alone. Melanoma is a systemic, malignant tumor with high incidence of metastasis, and the extraordinarily high cost of treatment with an extremely low cure rate brings great pain to patients [@B10]. In our present study, an innovative strategy for melanoma treatment based on the fairly universal, economical, and favorably secure FMT was explored. FMT, when used in combination with the TLR3 agonist PIC barely affected the viability of B16F10 melanoma cells, but synergistically attenuated cell proliferation in a co-culture system by converting macrophages to a tumoricidal phenotype with enhanced tumor-cytotoxic activities and phagocytosis. Further *in vivo* studies showed that FMT or FMT-NH~2~ combined with PIC, respectively, reduced the subcutaneous melanoma burden and alleviated the lung metastases of melanoma. Notably, in comparison, when the FMT was surface functionalized with PIC to form a nanostructure for systemic delivery, the novel nano-composition of FP-NPs demonstrated a more distinguished anti-metastasis effect. This was consistent with literature reports that targeted delivery of TLR agonist by nano-based systems could provide enhanced antitumor immunity compared to the individual treatment [@B68].

Numerous studies have verified that cationic liposomes and other carriers of PIC can effectively activate DCs and augment tumor-specific CTL responses [@B69], [@B70]. However, unlike existing studies, the FMT used here acted as a carrier for systemic PIC delivery and synergized with PIC for macrophage activation, facilitating synergistic tumor suppression. In addition, different from previous reports focusing on the co-delivery of tumor antigens and DCs for T cell activation, the FP-NPs used here could directly inhibit tumor cell growth by steering macrophages to the M1 phenotype. Although it has been reported that TAM-targeted transport of PIC with a ZnPP-grafted nanovector is a potential strategy to repolarize TAMs to the M1 phenotype for substantial tumor suppression, this strategy may only be limited to solid tumors [@B71]. In our study, the combined treatment of FMT and PIC could synergistically reduce the subcutaneous melanoma burden as well as eliminate metastatic colonies, and the engineered nano-composition of FP-NPs showed a better performance for anti-metastasis. Interestingly, the effect of FP-NPs on tumor metastasis was not limited to aggressive melanoma, as they could also effectively inhibit 4T1 breast cancer metastasis, indicating that they are a versatile reagent with a broad spectrum of anti-tumor effects. Tumor associated antigens are known to be capable of eliciting effective antitumor T-cell responses. Co-delivery of vaccine formulations including antigens and immunopotentiators like PIC using biomaterials such as injectable polypeptide hydrogel or cationic polypeptide micelles can activate DCs and stimulate CTL responses against cancer [@B72]. However, although tumor cell lysates are effective for activating immunity, they are insufficient to overcome the tumor as they are different from neo-antigens that are unique, mutated antigens with a higher likelihood of recognition by host immune cells. Human melanoma cell lines with a little amount of PIC delivered to the cytosol reportedly become highly sensitive to apoptosis [@B73]. Therefore, it is predicted that FP-NPs can efficiently kill human melanoma cells because they can easily be transfected into cells and that the antigens released from killed cells would further stimulate antigen presenting cells (APCs, such as macrophages and DCs) to augment the immunotherapy. More intriguingly, the preparation of FP-NPs is simple and easily achievable through the electrostatic interaction between FMT-NH~2~ and PIC. As the TLR3 agonist, Poly-ICLC, another form of PIC, has already been widely used in pre-clinical practice and FMT used here is a clinically approved nanoparticle with a little or no effect on cell viability, it is predicted that this will provide a further framework for future clinical translation. Thus, the novel strategy for tumor treatment not only enriches the therapeutic nature of FMT but also provides a meaningful reference for advanced melanoma in the clinical setting.

Conclusions
===========

To our knowledge, this is the first report that FMT could be used to synergize with the TLR3 agonist either in combination or in the form of a composite to induce macrophage activation for primary as well as metastatic melanoma regression. Our results indicate that the transport of TLR3 immunologic adjuvants with FMT-grafted nanovectors can be a potential approach for effective immune nanotheranostics.
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![**Schematic illustration of FMT combined or surface functionalized with PIC for melanoma regression.** (A) FMT/PIC synergistically inhibited B16F10 cell proliferation in co-culture with macrophages. (B) FMT/PIC prominently reduced tumor burden in melanoma-bearing mice. (C) System delivery of FP-NPs alleviated lung metastases more significantly compared to FMT-NH~2~/PIC.](thnov08p6307g001){#SC1}

![**Combined effect of FMT and PIC on macrophage activation and tumor cell growth inhibition.** (A) B16F10 cells were incubated with FMT, PIC, or FMT/PIC for 48 h and cell viability was analyzed by CCK-8 assay. (B) GFP-B16F10 (GB) cells co-cultured with RAW 264.7 (R) at a ratio of 2:1 were incubated with FMT, PIC, or FMT/PIC for 48 h and the fluorescence intensity of GFP was captured. (C) B16F10 (B) cells pre-labeled with CFSE and co-cultured with RAW 264.7 (R) at a ratio of 2:1 were incubated with FMT, PIC, or FMT/PIC for 48 h, and cell proliferation was then analyzed by FCM. (D) B16F10 (B) cells pre-labeled with CFSE, and co-cultured with BMDMs (B) at a ratio of 1:2 were incubated with FMT, PIC, or FMT/PIC for 48 h, and cell proliferation was then analyzed by FCM. (E) B16F10 (B) cells co-cultured with RAW 264.7 (R) at a ratio of 2:1 were incubated with FMT, PIC, or FMT/PIC for 48 h and total cell viability was analyzed using CCK-8 assay. (F) Left: Schematic diagram of the co-culture. Right: B16F10 (B) cells pre-labeled with CFSE co-cultured with RAW 264.7 (R) at a ratio of 2:1 were incubated with FMT, PIC, or FMT/PIC in a dual-chamber Transwell system for 48 h, and cell proliferation of B16F10 was then analyzed by FCM. (G) RAW 264.7 (R) cells co-cultured with B16F10 (B) at a ratio of 2:1 were incubated with FMT, PIC, or FMT/PIC in a dual-chamber Transwell system for 12 h and then the gene expression of TNF-α and iNOS in RAW 264.7 was analyzed by qRT-PCR. (H) RAW 264.7 (R) cells co-cultured with B16F10 (B) at a ratio of 2:1 were incubated with FMT, PIC, or FMT/PIC in a dual-chamber Transwell system for 24 h and TNF-α secretion was then detected using ELISA. (I) B16F10 (B) cells co-cultured without or with RAW 264.7 (R) at a ratio of 2:1 were incubated with FMT, PIC, or FMT/PIC and the NO in the medium was analyzed using Griess test at the indicated time. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. BMDMs: bone marrow-derived macrophages; FCM: flow cytometry; FMT: ferumoxytol; NO: nitric oxide; PIC: poly I:C, polyinosinic-polycytidylic acid; TNF-α: tumor necrosis factor α.](thnov08p6307g002){#F1}

![**Impact of FMT/PIC on ROS production and phagocytosis.** (A) CFSE pre-labeled B16F10 were co-cultured with Dye 670 pre-stained RAW 264.7 cells and incubated with FMT, PIC, or FMT/PIC; phagocytosis was analyzed by FCM. (B) Quantified phagocytosis (double positive of CFSE and Dye 670) in (A). (C) GFP-B16F10 were co-cultured with RAW 264.7 cells and incubated of FMT/PIC; phagocytosis was analyzed by fluorescence microscopy. Red arrows indicate GFP-B16F10 tumor cells phagocytized and digested by macrophages. (D) RAW 264.7 cells were incubated with FMT, PIC, or FMT/PIC for 12 h and ROS production was detected by FCM. (E) Quantitative data of (D). (F) RAW 264.7 was incubated with FMT, PIC, or FMT/PIC for 24 h and the protein expression of NOX2 was detected by WB. (G) The co-culture system was pre-treated with a ROS scavenger, NAC, and quantitative cell proliferation was determined by FCM. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. DCFH-DA: dichloro-dihydro-fluorescein diacetate; FCM: flow cytometry; FMT: ferumoxytol; MFI: mean fluorescence intensity; NAC: n-acetyl-cysteine; PIC: poly I:C, polyinosinic-polycytidylic acid; ROS: reactive oxygen species; WB: western blotting.](thnov08p6307g003){#F2}

![**Superior therapeutic effect of FMT/PIC *in vivo*.** C57BL/6 mice were subcutaneously inoculated with 5 × 10^5^ B16F10 cells and upon reaching an average volume of 100 mm^3^, they were intratumorally treated with PBS, FMT (10 mg/kg), PIC (1 mg/kg), and FMT/PIC (10 mg/kg + 1 mg/kg) (5 per group) every other day for three times. (A) Photograph of dissected tumor tissues from mice with the indicated treatment. (B) Tumor growth curves of B16F10 tumors with the indicated treatment. (C) B16F10 tumor weight of mice with the indicated treatment. (D) Survival curves of B16F10 tumor-bearing mice with the indicated treatment. (E) Histopathologic analyses of tumor cells stained with Ki67 in tumor tissues with the indicated treatment, Scale bar: 50 μm. (F) FCM analysis of CD11b^+^ cell populations in tumor tissues with the indicated treatment. (G) Histopathologic analyses of macrophages stained with F4/80 in tumor tissues with the indicated treatment. (H, I) Relative gene expression of iNOS and TNF-α in TAMs quantified by qRT-PCR. (J) ELISA analysis of TNF-α secretion in the blood of B16F10 tumor-bearing mice with the indicated treatment. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. ELISA: enzyme linked immunosorbent assay; FCM: flow cytometry; FMT: ferumoxytol; PIC: poly I:C, polyinosinic-polycytidylic acid; TAMs: tumor-associated macrophages. TNF-α: tumor necrosis factor α.](thnov08p6307g004){#F3}

![**Effect of FMT/PIC combined therapy on tumor blood vessels.** C57BL/6 mice were subcutaneously inoculated with 5 × 10^5^ B16F10 cells and when the tumors reached an average volume of 100 mm^3^, they were intratumorally treated with PBS, FMT (10 mg/kg), PIC (1 mg/kg), and FMT/PIC (10 mg/kg + 1 mg/kg) (5 per group) every other day for three times. (A) Photograph of dissected tumor tissue covered with vascular tissues from B16F10 tumor-bearing mice with the indicated treatment. (B) LSCM images of blood vessels in tumor sections of mice with the indicated treatment. DAPI, blue. AF594-coupled streptavidin marked lectin, red. (C) Corresponding quantitative percentage of blood vessel area in the total stained area displayed in (B). All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. DAPI: 4\',6-diamidino-2-phenylindole; FCM: flow cytometry; FMT: ferumoxytol; LSCM: laser scanning confocal microscopy; PIC: poly I:C, polyinosinic-polycytidylic acid.](thnov08p6307g005){#F4}

![**Synthesis and characterization of FP-NPs.** (A, B) The size distribution and zeta potential profile of FMT, FMT-NH~2~, and FP-NPs was determined by DLS. (C) The images of FMT, FMT-NH~2~ nanoparticles, and FP-NPs nanocomposites were obtained by TEM. Scale bar: FMT, FMT-NH~2~: 100 nm, FP-NPs: 1 μm. (D) FMT-NH~2~ complexed with PIC at w/w ratios of 10/1, 20/1, and 40/1 was tested by the agarose gel retardation assay. (E) RAW 264.7 cells were incubated with RhB labeled FP-NPs for 6 h and the uptake of FP-NPs was detected by LSCM, scale bar: 20 μm. (F) RAW 264.7 cells were incubated with RhB labeled FP-NPs for 6 h and the uptake of FP-NPs was measured by FCM. (G) FP-NPs fluorescently labeled with NIR797 were intravenously injected into mice pre-incubated with B16F10 cells for 8 h and the *ex vivo* imaging of major organs was carried out on the IVIS Spectrum In Vivo Imaging System. (H) FP-NPs fluorescently labeled with RhB were intravenously injected into mice pre-incubated with B16F10 cells for 4 h and the uptake of FP-NPs by lung macrophages was analyzed by LSCM (left) and FCM (right). Blue: DAPI, Green: F4/80, Red: FP-NPs. Scale bar: 10 μm. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. DAPI: 4\',6-diamidino-2-phenylindole; DLS: dynamic light scattering; FCM: flow cytometry; FMT: ferumoxytol; FP-NPs: FMT-NH~2~-poly I:C; LSCM: laser scanning confocal microscope; MFI: mean fluorescence intensity; PIC: poly I:C, polyinosinic-polycytidylic acid; RhB: rhodamine B; TEM: transmission electron microscopy.](thnov08p6307g006){#F5}

![**Therapeutic benefits of FP-NPs for lung metastasis.** C57BL/6 mice bearing lung metastasis were prepared by intravenous injection with 5 × 10^5^ B16F10 melanoma cells overnight and were intravenously treated with PBS, FP-NPs (FMT-NH~2~ 200 μg composited with PIC 10 μg), and FMT-NH~2~ (200 μg) combined with PIC (10 μg) every other day for three times. (A) Photograph of dissected lung tissues from tumor-bearing mice after the indicated treatment. The blank arrows indicated the metastatic nodules. (B) Corresponding quantitative metastatic nodules displayed in (A). (C) Histopathologic analysis of H&E-stained tissue sections of the lung in tumor-bearing mice with the indicated treatment. The blank arrows indicated the metastatic nodules. (D, E) FCM analysis of leukocyte and macrophage populations within lung tissues of tumor-bearing mice with the indicated treatment. (F) Representative immunofluorescence staining for CD86 (red) and CD206 (green) in lung metastatic mice with the indicated treatment, Scale bar: 30 μm. (G-I) Relative gene expression of iNOS and Arg-1, and NO concentration in lung tissues quantified by qRT-PCR and Griess test, respectively. (J) FCM analysis of MDSC populations in the blood of tumor bearing mice with the indicated treatment. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. FCM: flow cytometry; FMT: ferumoxytol; FP-NPs: FMT-NH~2~-poly I:C; iNOS: inducible nitric oxide synthase; MDSCs: myeloid-derived suppressor cells; NO: nitric oxide. PIC: poly I:C, polyinosinic-polycytidylic acid.](thnov08p6307g007){#F6}

![**Effect of FP-NPs on tumor cell proliferation and macrophage polarization.** (A) B16F10 cells were incubated with FMT-NH~2~, PIC, or FP-NPs for 48 h and the cell viability was analyzed by CCK-8 assay. (B) B16F10 cells pre-labeled with CFSE co-cultured with RAW 264.7 at a ratio of 2:1 were incubated with FMT-NH~2~, PIC, or FP-NPs for 48 h and cell proliferation was then analyzed by FCM. (C) GFP-B16F10 cells co-cultured with RAW 264.7 at a ratio of 2:1 were incubated with FMT-NH~2~, PIC, or FP-NPs for 48 h and the fluorescence intensity of GFP was captured. (D) Left: Schematic diagram of the co-culture. Right: B16F10 cells co-cultured with RAW 264.7 at a ratio of 2:1 were incubated with FMT-NH~2~, PIC, or FP-NPs in a dual-chamber Transwell system for 48 h and the tumor cells in the lower chamber were stained with DAPI and analyzed by fluorescence microscopy. (E, F) RAW 264.7 were incubated with FMT-NH~2~, PIC, or FP-NPs for 12 h and the expression of macrophage M1 (iNOS, CD86) and M2 (Arg-1, CD206) related genes was analyzed by qRT-PCR. (G) RAW 264.7 cells were incubated with FMT-NH~2~, PIC, or FP-NPs for 15 min and the expression of target proteins was analyzed by WB. All representative data are from three independent experiments. Error bars, SD. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001. FCM: flow cytometry; FMT: ferumoxytol; FP-NPs: FMT-NH~2~-poly I:C; iNOS: inducible nitric oxide synthase; PIC: poly I:C, polyinosinic-polycytidylic acid. WB: western blotting.](thnov08p6307g008){#F7}
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